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I. Introduction
It is usually believed that all colour diversity of living organisms is caused by chromoproteins or low-molecularweight pigments. As a rule, chromoproteins contain a small molecule of non-protein origin or a metal ion that are responsible for the protein chromogenic properties. However, fluorescence of the green fluorescent protein (GFP) discovered in 1961 by Shimomura et al. 1 in the study of bioluminescence of the jellyfish Aequorea victoria of the class Hydrozoa is based on the interaction of the protein inner amino acid residues and requires no co-factors. For many years, GFP had been studied by a relatively small group of scientists as a protein that is a part of a bioluminescent system. 2 After cloning of the GFP gene, the interest in this gene increased jumpwise, and at present GFP and its mutants are used most widely among genetic markers in different biological applications. 3 ± 5 In 2008, American scientists O Shimomura, M Chalfie and R Tsien were honoured with Nobel prize in chemistry for the discovery and development of the green fluorescent protein, GFP. 6 Cloning genes of GFP-like proteins with yellow, orange, red and far-red fluorescence had the next impact on the development of this line of research in biotechnology. 7 At present, fluorescent proteins of the whole range of colours (from blue to far-red) are known, which span the spectrum from 424 to 655 nm. The GFP-like red fluorescent proteins are still the least covered in the literature, and this review is dedicated to these proteins.
The red fluorescent proteins (RFPs) have maxima of fluorescence emission above 560 nm. All RFPs can be divided into two main groups: permanently red fluorescent proteins and photoactivatable red fluorescent proteins (PARFPs). In contrast to RFPs, the PARFPs require UV irradiation or visible blue light for red chromophore formation. Such GFP-like proteins as chromoproteins (CPs) should also be mentioned, they are able to absorb light efficiently, but however do not fluoresce. The red chromoproteins have usually one absorption maximum at 560 ± 610 nm and the wavelength of this maximum defines the protein colour. The RFP maturation often involves blue or green fluorescent states. This property of RFPs was used to create the so-called fluorescent timers that fluoresce in the blue or green region of the spectrum at the early maturation stages and in the red region after complete maturation.
II. Physical and chemical properties of red fluorescent proteins 1. The sources of fluorescent proteins and chromoproteins
Labas was the first to suggest that non-bioluminescent organisms, such as corals, could contain GFP-like fluorescent proteins. In 1999, six new fluorescent proteins were isolated and cloned from non-bioluminescent Anthozoa species. One of the proteins named drFP583 differed from GFP dramatically in its spectral properties, demonstrating fluorescence in the red spectral region. 7 The drFP583 protein gene was optimized for expression in mammalian cells, and the protein became the first commercially avail- able RFP termed DsRed. This protein is also the first RFP obtained in the monomer state, it allowed further the development of a number of monomeric RFPs with improved properties. Later, the majority of RFPs were isolated and cloned from Anthozoa species living in the Indo-Pacific region. A plenty of proteins with two-coloured fluorescence (red and green), as well as a plenty of proteins demonstrating the properties of fluorescent timers and non-fluorescent CPs, were found in corals of the Zoantharia subclass. 8 ± 12 It turned out that replacement of just one amino acid in CPs can lead to a remarkable increase in their fluorescence quantum yields. 9 According to this strategy, several CPs isolated from Heteractis crispa, Condylactis gigantea and Goniopora tenuidens were converted into the FPs with far-red shifted fluorescence (from 615 to 640 nm). 11 Other far-red FPs were obtained on the basis of CPs isolated from blue Actinaria corals. 13 The eqFP611 protein is the most red-shifted natural RFP isolated from Anthozoa species found in the sea anemone Entacmaea quadricolor. 14 The eqFP578 protein, 15 a precursor of a whole series of the monomeric RFPs with improved properties, 15, 16 was isolated from the same organism. The wild-type red fluorescent protein a KusabiraOrange with the most blue-shifted fluorescence was cloned from the coral Fungia concinna. 17 The red fluorescent proteins were also found in other classes of organisms. Thus the shape and position of the absorption spectrum of a GFP-like chromoprotein anm2CP (Ref. 18 ) from Anthomedusae (Hydrozoa class) are similar to those of the CPs and RFPs from the Anthozoa class. This similarity allowed purposeful introduction of such mutations that have led to the transformation of anm2CP to Notes. Hereinafter, Exmax is the excitation maximum, Emmax is the emission maximum, e is the molar exctinction coefficient, QY is the quantum yield. a Fluorescent protein brightness is determined as a product of a quantum yield and a molar exctinction coefficient divided by 1000.
RFPs named JRed and KillerRed. Currently, these proteins are the only known genetically encoded photosensitizers that can be expressed directly in the target cells. 19, 20 However, an attempt to obtain RFP on the basis of enhanced GFP from Aequorea victoria failed. 21 The wild-type red fluorescent proteins and some firstgeneration RFPs described above have a number of disadvantages limiting the range of their application greatly, viz., the aggregation tendency, the tetramer formation, slow and incomplete chromophore maturation (Table 1) .
Aggregation
Many GFP-like proteins from the Anthozoa class including DsRed tend to form aggregates both in vivo and in vitro. 12 Protein aggregation is undesirable for the in vivo use because of toxic effect of the aggregates on the cells.
Site-specific mutagenesis reckoning on a suggestion that the positively charged N-terminal residues of the protein play a crucial role in the aggregate formation was used to prevent aggregation of the DsRed protein. Non-aggregating mutants DsRed were supposed to be obtained upon replacement of the Arg and Lys residues by negatively charged or neutral amino acid residues. A mutant E57 with three mutations, V105A, I161T and S197A, was chosen for mutagenesis rather than the wild-type protein DsRed. This mutant possessed the fastest maturation rate, its red fruorescence appeared twice as fast as fruorescence of a wild type DsRed. 37 One of the results of this work was the preparation of a triple mutant E57-NA with mutations R2A, K5E and K9T that provided a minimum level of aggregation both in vivo and in vitro. Fluorescent characteristics of E57-NA (brightness, fluorescence excitation and emission maxima) appeared to be very similar to that of the initial E57 protein, which makes E57-NA mutant more attractive for further application. 12 
Oligomerization
In contrast to GFPs from Hydrozoa species which are dimers, RFPs obtained from the Anthozoa class, form stable tetrameric complexes in dilute solutions, which dissociate only in severe denaturating conditions. 38, 39 For example, tetramerization of DsRed is observed at both very low concentrations of the protein in vitro in solution (the oligomerization rate constant is estimated as 10 79 mol litre 71 ) 40 and in vivo. 38 The oligomerization manifests itself in the dependence of the absorption spectrum profile on the protein concentration.
Structural data of the DsRed protein and amino acid residues in the regions of subunit interface turned out to be useful for creation of non-oligomeric mutants of RFPs. It was revealed that the loss of ability to form tetramers can lead to a substantial decrease in the fluorescence brightness and protein maturation rates. 26, 41 The problem of oligomerization for DsRed variants was solved by site-directed mutagenesis. 26 A monomeric version of DsRed was developed, designated mRFP1, which contained 33 substitutions: three in the hydrophobic interface and ten in the hydrophilic interface, three in a short N-terminus, 13 in the internal regions of b-barrel and four surface substitutions, the exact influence of which on the protein functions and structure is unknown. Disadvantages of mRFP1 are the presence of a protein fraction, containing`green' chromophore, and its tendency to dimerize, which limit the application of the protein in experiments using fluorescence resonance energy transfer (FRET) and in multicolour microscopy. The mRFPmars (Ref. 30 ) and mRFPruby (Ref. 30) proteins were engineered on the basis of mRFP1 and their genes were optimized for expression in Dictyostelium and mammalian cells, respectively.
Enhanced monomeric versions of mRFP1 were derived using random mutagenesis in combination with highthroughput method of cell sorting on a flow cytometer (Fluorescence Activated Cell Sorting, FACS). 22, 34 New monomeric RFPs, termed mFruits, cover a wide range of a fluorescence spectrum (from 562 to 649 nm) and have substantially enhanced characteristics as regards maturation, brightness and photostability in comparison with an initial mRFP1. Nowadays, the most popular protein among mFruits is mCherry as it has an optimum compromise of brightness, maturation time, photostability and fluorescence emission.
Other approaches were suggested to eliminate aggregation of hybrid proteins tagged with fluorescent proteins (FPs) from Anthozoa. One of the approaches is covalent head-to-tail' cross-linking of two identical FPs, which would result in an intramolecular dimer. This may be used as a non-oligomerizing tag for proteins. This approach was used successfully for HcRed (Ref. 36 
Maturation: protein folding and chromophore formation
The RFP maturation includes two consecutive steps, viz., protein folding and chromophore formation. Generally, the external amino acid residues are responsible for the protein folding and internal ones are mostly responsible for the chromophore formation rate and effectiveness. Using sitedirected mutagenesis, it was demonstrated that tetramer formation is very important step in the RFP maturation.
In contrast to GFP isolated from Aequorea, the majority of RFPs from Anthozoa species exhibit better maturation at 37 8C than at room temperature. Proteins eqFP578 and eqFP611 that maturate at less than 30 8C are an exception. 14, 15, 41 Such a difference can be explained by the temperature of the habitat of the organisms used for the isolation of the corresponding fluorescent proteins. 43 First attempts to improve DsRed maturation by random and site-directed mutagenesis were unsuccesful, 38 but mutations (K83M and Y120H) that lead to a dramatic shift of the fluorescence maximum toward longer wavelength (602 and 600 nm, respectively) were found. In turn, mutations V105A, S197T led to formation of a fluorescent timer E5, which changes its fluorescence from green to red over time. 44 Further mutagenesis of the DsRed gene resulted in the following mutants: E5up (V105A) and E57 (V105A, I161T, S197A) with complete fluorophore maturation and enhanced rate of maturation, respectively, 37 and a nonfluorescent chromoprotein DsRed-NF. 45 Seven rounds of random and site-directed mutagenesis yielded three DsRed mutants, called DsRedT1, DsRedT3 and DsRedT4, exhibiting faster maturation rates with halftimes from 0.7 to 1.3 h. 27 It was shown that the N42Q substitution significantly improved chromophore matura-tion rate with formation of a bond with the Q66 residue, which is a part of chromophore. The DsRedT1 protein became commercially available as DsRed-Express (Clontech, USA). Recently, enhanced versions termed DsRedExpress2, DsRed-Max, 28 E2-Orange and E2-Red/Green 23 have been developed on the basis of DsRed-Express; all of these proteins yield minimum cytotoxicity and high maturation rates, which makes them more attractive for expression in transgenic animals and stable cell lines. However, tetrameric state of these proteins does not allow using them in fusion proteins. Another drawback of these proteins is the existence of green fluorescence limiting their application for multicolour microscopy. DsRed-Monomer (or DsRed.M1), a monomeric version of the DsRedT4 protein, can be used as a marker for protein localization in cells. 29 However, DsRed.M1 is almost fourfold less bright than its precursor DsRedT4. DsRed.M1 and DsRedT4 differ from each other in 37 mutations whereof 31 are external.
Wild-type proteins eqFP578 and eqFP611 cannot be efficiently used for expression in mammalian cells due to weak folding at 37 8C. Random mutagenesis was apllied to optimise maturation temperature of the proteins. In the case of eqFP611, two amino acid substitutions (I57V and F102I) significantly enhanced its maturation at 37 8C. In the case of the RFP630 protein, which contains an additional N143S mutation, other substitutions (S171F and V184D) improving protein maturation were found. Possibly, this can be explained by different chromophore conformations: eqFP611 contains trans chromophore, while RFP630 has chromophore in cis conformation (see Section V.2). 46 The amino acid substitutions R35G, L83F and S135P improved maturation rate and pH-stability of the eqFP578 protein dramatically. 15 
Photostability
All fluorescent proteins like low-molecular-weight fluorescent compounds undergo photobleaching upon extended irradiation by excitation light. Photostability plays a crucial role in the experiments that involve long-term visualization of a cell or all the observation field. The rate of photobleaching varies essentially for different fluorescent proteins. Even proteins with similar spectroscopic characteristics can differ in photobleaching time. Photostability of fluorescent proteins also depends strongly on oxygen access to the sample: photodebleaching occurs much faster in the presence of oxygen. 25 The most unified method for the protein photobleaching rate measurements was proposed by Tsien and co-workers. 47 Protein photostability is measured in aqueous droplets formed under mineral oil. Droplets of a protein solution, comparable in size with typical mammalian cells, are photobleached with continuous irradiation with periodic detection of fluorescence intensity to generate a photobleaching curve. The obtained data are normalized to the extinction coefficient and quantum yield of the FP, the emission spectrum of the arc lamp used for excitation, and the transmission spectra of the filters. The result obtained in such a way shows the time each FP will take to lose 50% of the initial fluorescence emission rate (1000 photons s 71 ). This analysis has a restriction to the intensity of irradiation used for photobleaching, which must be of about 10 W cm 72 ; more intense irradiation evokes non-linear effects that are difficult to predict during data normalization.
A comparison of half-bleaching times determined by that method revealed the proteins DsRed, TagRFP-T and mOrange2 to be the most photostable among RFPs (see Table 1 ). Obviously, when choosing a fluorescent protein for a particular experiment, it should be kept in mind that protein photostability strongly depends on the conditions of the protein biosynthesis and photobleaching.
III. Enhanced monomeric red fluorescent proteins
The first-generation monomeric RFPs such as mFruits, 22, 34 mKO, 17 TagRFP, 15 mKate 16 can successfully be used as markers of protein localization, dynamics and interactions. However, limited brightness and low photostability of these proteins hampered their applications. Recently, a whole series of fluorescent proteins with enhanced brightness and photostability has been developed on the basis of these proteins. Monomeric fluorescent timers (FTs) were also created with different blue-to-red chromophore maturation rates 48 (Table 2 ). The mKeima protein should be particularly mentioned. This protein has the largest Stokes shift (180 nm) among all fluorescent proteins. 33 All RFPs can be divided into two groups according to the fluorescence emission maximum wavelength: red fluorescent proteins and far-red fluorescent proteins (see Table 1 ).
Red fluorescent proteins
The mKO protein is an enhanced monomeric version of wild-type Kusabira-Orange protein 17 cloned from the coral Fungia concinna, it has high brightness and photostability. These properties make mKO attractive for its utilization as a protein localization marker. The mKO protein can be also used as an acceptor in FRET-pairs with cyan fluorescent proteins. The main disadvantage of this protein is slow maturation at 37 8C: the maturation half-time (t 1/2 ) is 4.5 h. The brightness and maturation time of mKO were improved by introduction of 7 mutations. 49 An enhanced version of mKO (mKOk) was successfully used as an FRETacceptor. 24 The eqFP578 protein turned out to be rather prospective precursor of a series of monomeric RFPs. The key positions responsible for protein dimerization were determined on the basis of X-ray diffraction of its analogue eqFP611 (Refs 41 and 50) isolated from the same organism. Later, as a result of a few rounds of site-directed mutagenesis at these positions, the monomeric TagRFP protein was developed. 15 In addition to high brightness and fast maturation, TagRFP possessed good pH-stability. However, the main disadvantage of TagRFP is its low photostability. Tsien and co-workers 25 succeeded in improving photostability of the TagRFP and mOrange proteins significantly. Selection of the brightest bacterial colonies expressing TagRFP and mOrange mutants under long-term irradiation by intense green-yellow light allowed isolation of photostable clones. In the case of TagRFP, only one mutation, S158T, was sufficient to increase photostability alomost ninefold; at the same time, spectral characteristics of the protein did not virtually change. However, three mutations (Q64H, F99Y and G196D) in mOrange leading to 25-fold increase of its photostability, reduced brightness and increased protein maturation time. Photostability of mOrange2 appeared to be almost insensitive to oxygen; in the case of TagRFP-T, photosensitivity to oxygen remained unchanged. 25 The monomerization of the RFP611 protein required only two amino acid substitutions (T122R and 194A). 41 However, these mutations led to the total loss of fluorescence. During further rounds of random and site-directed mutagenesis, more 20 amino acid substitutions were introduced, and these mutations restored fluorescence through enhanced folding of the protein and chromophore maturation. Introduction of 10 amino acid residues to the C-terminus prevented its localization in organelles during expression in mammalian cells. As a result, the monomeric protein mRuby, which turned out to be an effective marker for visualization of peroxisome in mammalian cells, was obtained. 32 On the basis of a red chromoprotein cloned from the coral Montipora sp., the fluorescent proteins with red fluorescence exitation maximum at 440 nm and large Stokes shift were developed. 33, 42 A combination of the fluorescent proteins with similar fluorescence exitation wavelength but different Stokes shifts was used in multicolour two-photon microscopy. 51 FRET-sensors with complete separation of emission peaks can be designed on the basis of such proteins and these sensors could dramatically simplify the detection of the energy transfer effectiveness.
Far-red fluorescent proteins
The growing number of researchers are showing interest in far-red FPs due to their superiority over other RFPs for tissue and whole-body imaging, 16, 35 which can make them attractive for application in medicine. Far-red FPs can be used for multicolour microscopy of living cells. 47 Far-red FPs are the proteins of choice for tagging cellular proteins even in strongly autofluorescence conditions. Infra-red FPs obtained on the basis of phytochromes 52 compete with GFP-like far-red FPs.
A whole family of bright far-red FPs has been developed on the basis of the eqFP578 protein. Random mutagenesis of eqFP578 gene yielded a dimeric far-red FP, named Katushka. 16 A monomeric version of Katushka (mKate), can be applied for visualization of intracellular structures, but high pH-sensitivity and weak photoactivation of this protein complicate quantitation of the collected data.
The crystall structure analyses revealed 53 that mKate chromophore can exist in two configurations: cis and trans. While cis configuration of a chromophore is fluorescent, a protein with the trans chromophore is non-fluorescent. The trans chromophore is stabilized through a hydrogen bond formed by the hydroxy group of Ser165 residue, as in the eqFP611 protein and chromoproteins. Replacement of Ser by hydrophobic Ala in position 165 led to almost twofold enhancement of brightness and pH-stability. Random mutagenesis of the S165A_mKate gene afforded three mutations (V48A, M151T and K238R), which substantially enhanced brightness and photostability; this new protein was named mKate2. Mutations V48A and K238R turned out to be responsible for a significant increase in the protein maturation rate and completeness. Thus the maturation half-time for mKate2 was <20 min. 35 Probably, development of proteins with emission above 650 nm will require additional posttranslational modifications to further extend the conjugated p-electron system of the DsRed-like chromophore and to shift the protein absorbance to longer wavelengths. Alternatively, amino acid substitutions in the chromophore immediate environment can result in fluorescent proteins with larger Stokes shifts.
Some low-molecular-weight dyes change the fluorescence emission maximum as the solvent polarity increases due to the difference between dipole moments of the ground and excited chromophore states. Synthetic GFP-like chromophores demonstrate this solvatochromic effect shifting their fluorescence maximum in the response to solvent polarity changes. However, in contrast to the synthetic chromophores, the majority of GFP-like proteins exhibit small Stokes shifts due to the rigid chromophore environment necessary to prevent non-fluorescent relaxation to the groud state. Ultrafast time-resolved fluorescent spectroscopy revealed the evolution of the fluorescence maximum for mPlum from 625 to 650 nm in 500 ps. 54 These observations can be explained by fast rearrangment of amino acid residues that interact with the chromophore. From the protein structure it followed that chromophore environment in mPlum is more hydrophobic than, for example, in DsRed and the E16 residue plays the key role in the fluorescence shift to far-red region. The carboxylic group of the glutamic acid residue forms a hydrogen bond with an oxygen atom of the acylimine group, which can lead to the increase in the delocalization region of the chromophore p-electron density.
Fluorescent timers
The fluorescent timer (FT) DsRed-E5 changes the fluorescence colour from green to red over time. However, DsRed-E5 cannot be regarded as a FT, because green fluorescence intensity decreases due to the increase in FRET betweeǹ green' and`red' subunits of the tetrameric protein upon red chromophore maturation.
Recently, a series of monomeric fluorescent timers able to change fluorescence from blue to red at different rate have been derived from the mCherry protein. 48 For fast, medium and slow timers, blue fluorescence maxima at 37 8C are achieved after 0.25, 1.2 and 9.8 h, and half-maxima of red fluorescence are reached after 7.1, 3.9 and 28 h, respectively. With FT maturation, blue fluorescence intensity following attainment of maximum decreases almost to zero. In a wide range of temperatures (16 ± 45 8C), the protein blue-to-red transition is complete, and maturation rate for each form of the fluorescent timer is temperaturedependent. Thus, the FT age can always be determined on the basis of red and blue fluorescence ratio. All forms of fluorescent timers are pH-stable (see Table 2 ).
IV. Photoactivatable and photoswitchable red fluorescent proteins
Recently, several so-called photoactivatable fluorescent proteins (PAFPs) have been developed. These proteins change fluorescence properties significantly under irradiation with intense light with a definite wavelength. Irradiation converts some PAFPs from the non-fluorescent state to the fluorescent state (photoactivation), while some other just change the fluorescence maximum (photoswitching). Photoactivatable red fluorescent proteins (PARFPs) created to date can be divided into four main groups according to the photoactivation mechanism.
The first group includes PARFPs that undergo irreversible photoconversion of the chromophore under UV-light. This group includes PAmRFP1 proteins 55 and newly developed protein PAmCherry1. 56 An irreversible UV lightinduced photoactivation (340 ± 380 nm, 25 min) was revealed for the PAmRFP1 protein constructed on the basis of mRFP1 with replacements in the positions 148, 165 and 203. The PAmRFP1-1 protein (the photoactivatable mutant of mRFP1 with the best characteristics) has initially weak blue fluorescence, and photoactivation leads to a 70-fold increase in red fluorescence intensity. However, the activated red fluorescent form is unstable: its lifetime (t 1/2 ) is 9 h at 37 8C. High phototoxicity, low brightness and the oligomeric state significantly limit PAmRFP1 applications. Besides, the stability of the activated form of PAmRFP1 is slightly lower than that of its precursor mRFP1.
All drawbacks inherent in the PAmRFP1 protein were overcome in a monomeric photoactivatable protein named PAmCherry1, which was absolutely non-fluorescent in the dark (non-activated) state, but easily activated by irradiation with the wavelength of 399 nm. The activated red form of the protein was stable, no reversion to the dark state was observed for at least 24 h and the photoactivation contrast (the ratio of fluorescence intensities before and after photoactivation) achieved 4000. Moreover, the PAmCherry1 protein had fast maturation, and the absence of extra peaks in the excitation and emission fluorescence spectra allowed using it in multicolour high-resolution microscopy. 56 Photoactivatable proteins from the second group undergo an irreversible green-to-red photoconversion under UV or blue light (illumination by light with longer wavelengths does not lead to any noticeable photoactivation). The effectiveness of photoactivation for all proteins from this group is strongly pH-dependent. All green-to-red photoactivatable proteins share the same chromogenic tripeptide HisTyrGly (H7Y7G). This class of proteins includes proteins from coral polyps: the protein Kaede originates from Trachyphyllia geoffroyi, 57 the proteins mcavRFP, rfloRFP (Ref. 7) and EosFP were isolated from Lobophyllia hemprichii, recombinant forms tdEosFP, mEosFP, 58 mEos2, 59 IrisFP, 60 and KikGR and mKikGR are the mutant forms of the KikG protein from Favia favus. 61, 62 The wild-type proteins such as Kaede, mcavRFP and rfloRFP are easily photoactivated by 350 ± 400 nm light, but mcavRFP and rfloRFP also exhibit the properties of fluorescent timers being converted to the red fluorescent state gradually without UV-light illumination. 8 The Kaede protein does not posses such property, which allows it to be used as a photoactivatable fluorescent marker. 57 The photoactivation contrast for Kaede is 2000. Effective maturation of Kaede at 37 8C allows its expression to be carried out in animal cells.
The wild-type EosFP, named after the goddess of dawn in Greek mythology, shares the 84% amino acid homology with the Kaede protein and undergoes irreversible green-tored photoconversion upon irradiation at 390 nm (the emission maxima are at 516 and 581 nm, respectively). 58 
The mEos2 protein is one of the lately obtained. Its chromophore can exist in two fluorescent states. Similarly to the parental protein, mEos2 possesses high brightness, photoactivation contrast and photostability. 59 It should be mentioned that a new protein IrisFP, derived from EosFP by introduction of only one mutation F173S combines the properties of photoactivatable and photoswitchable proteins. The IrisFP protein is irreversibly green-to-red photoactivated under UV light, both green and red fluorescent forms can be reversibly switched on and off by light with the wavelength of 440 and 561 nm, respectively. 60 The main disadvantage of IrisFP is still its tetrameric state.
Taking into account the structural data, rational mutagenesis of the green fluorescent protein KikG, which does not possess any photoconvertable properties, was performed to generate mutants that can be photoswitched under UV light. In the first step of rational mutagenesis, the H7Y7G chromophore was obtained by introduction of the 65H mutation. Afetr 30 rounds of molecular evolution, a photoactivatable protein KikGR, which has 8 mutations in comparison to its precursor, was obtained. UV-Illumination of the green KikGR species with the emission maximum at 517 nm drives to the red form with the fluorescence maximum at 593 nm. 61 Further KikGR optimization resulted in its monomeric version mKikGR with the same spectral properties. 62 The photoactivation effectiveness of the KikGR and mKikGR proteins strongly depends on the wavelength of the activation light (350 ± 420 nm) and pH, the contrast of their photoactivation achieves the value of 560. The proteins can be activated by soft irradiation of an IR laser. The red form of KikGR is almost fourfold more photostable than the red form of mEosFP, though it has more complex kinetics of photobleaching.
The third group of PAFPs includes the dendGFP protein cloned from Dendronephthya sp. and the monomeric protein Dendra2 recently derived from dendGFP. 63 The proteins of this group can be irreversibly green-to-red photoconverted under both UV light and blue light. After complete photoconversion of the Dendra2 protein under 405 or 488 nm light, the red fluorescence intensity with a maximum at 575 nm increases 150 ± 300-fold, and the level of green fluorescence with a maximum at 505 nm decreases 15 ± 20-fold. The Dendra2 protein is the first PAFP, which is monomeric, folds effectively at 37 8C in bacterial and mammalian cells and can be photoactivated by 488 nm light with low phototoxicity. However the high-intensity light is required for Dendra2 photoconversion, the low-intensity light with the wavelength in the range of 400 ± 490 nm does not activate the protein even under long-term irradiation. This property allows excitation of green fluorescence without protein photoconversion and local photoactivation of the green form by choosing the light with proper intensity. The red species of Dendra2 are fourfold more photostable than DsRed, which significantly simplifies extended visualization of the protein.
The forth group of PAFPs includes KFP1, a mutant version of the asFP595chromoprotein cloned from the sea anemone Anemonia sulcata, 64, 65 rsCherry and rsCherryRev created on the basis of the mCherry protein. 66 The proteins of this group photoswitch from the non-fluorescent forms to the fluorescent ones and vice versa under light with definite wavelengths.
The wild-type protein asFP595 effectively absorbs light (absorption maximum at 568 nm), but it does not fluoresce. The protein becomes fluorescent (`kindling') with absorption and emission maxima at 575 and 595 nm, respectively, as a result of intense green irradiation. 9 Upon cessation of green-light irradiation, the protein relaxes to the initial nonfluorescent state quickly (t 1/2 < 10 s). On the other hand, fluorescence quenching of this protein can be performed through illumination by blue light (450 nm). Both`kindling' and quenching are reversible. 64, 65 A short lifetime of the fluorescence state prevents the use of the wild-type asFP595 as a highlighter for proteins and organells in vivo. Therefore, a mutant form of asFP595, named KFP1 (Kindling Fluorescent Protein, KFP), with longer lifetime of the fluorescent state (t 1/2 & 50 s) was developed. KFP1 differs from asFP595 only in three amino acid substitutions: the mutation A148G increases the lifetime of the fluorescent state and K9T and K10E prevent aggregation of the protein. Protein KFP1, similarly to asFP595, switches to the fluorescent state under intense green light illumination and quenchs under blue light. The rate and the degree of reversible`kindling' and quenching depend on the intensity and duration of the respective irradiation. Activated KFP1 exhibits absorption and emission maxima at 580 and 600 nm, respectively. Moreover, high intensity green light or extended illumination (or both factors simultaneously) lead to irreversible conversion of KFP1 to the fluorescent state, with the fluorescence intensity increasing at least 30-fold in comparison to the initial state. Fluorescence of irreversibly activated KFP1 is stable for at least a year.
Site-directed mutagenesis of chromoproteins cgigCP and hcriCP yielded a whole series of`kindling' fluorescent proteins. 65 All of these proteins are capable of both reversible and irreversible photoconversion from the non-fluorescent state to the fluorescent state. Two mutants of hcriCP with single mutation N165A or N165G undergo photoconversion under blue light. An advantage of these variants in contrast to other KFPs is the lack of background photoconversion in the process of fluorescence detection during the`kindling' of the proteins.`Kindling' FPs in the`kindled' state have fluorescence maxima in the red region of the spectrum (the excitation maximum is 580 ± 590 nm, the emission maximum is 600 ± 630 nm). However, all proteins derived from the chromoprotein asFP595 are tetramers.
rsCherry and rsCherryRev are the first monomeric photoswitchable fluorescent proteins, to be developed from mCherry. 66 The proteins rsCherry and rsCherryRev have an opposite modes of photoswitching, i.e., yellow light (550 nm) activates red fluorescence of rsCherry, and blue 56 revealed a large subpopulation of the protein molecules, which can form the chromophore but remain non-fluorescent and cannot be photoactivated resulting, in general, in low brightness of activated assemblies of protein molecules. The other disadvantages of the proteins rsCherry and rsCherryRev are the low contrast of photoswitching and residual fluorescence in the`off' state. These facts significantly limit the protein application in high-resolution microscopy. In all key parameters, the proteins are inferior to their competitors.
The main physical and chemical characteristics of the known photoactivatable and photoswitchable proteins are summarized in Table 3 .
V. The structure of fluorescent proteins
Crystal structure of fluorescent proteins
Amino acid aligment of the first isolated RFPs with GFP demonstrated that, despite low amino acid homology (20% ± 30%), the tertiary structure of all known fluorescent proteins is highly conserved and represents the so-called b-barrel. However, contrary to GFP, which is ring-shaped when observed from the above, the monomer RFPs has an elliptical shape, which influences directly the chromophore microenvironment and probably matters during the protein maturation. Inside of each b-barrel, there is an a-helix containing a chromophore. The chromophore is located in the centre of the b-barrel cavity, which was established by X-ray diffraction analysis of the first RFP. 68, 69 Short a-helical sites, which turned out to be remarkably conserved, form the`bottom' and the`lid' of each barrel; Nand C-termini of the protein are exposed out of the b-barrel, therefore they are available to be employed as linkers to fusion proteins. The monomeric subunit has the molecular mass of 25 ± 30 kDa and consists of 220 ± 240 amino acid residues, the monomer size is 4.262.4 nm.
In the tetramer, the monomeric subunits form two pairs of dimers where monomers are oriented antiparallel to each other; the monomer chromophores represent mirror images relative to each other. Each monomer in the tetramer interacts with two other monomers and forms two regions of intersubunit interaction or interfaces, viz., A/B (C/D) and A/C (B/D) (Fig. 1) . The interactions in these regions have different nature. Hydrophobic interactions of the A/B interface are based on a cluster of closely packed hydrophobic amino acids, and the A/C interface includes many electro- static interactions and hydrogen bonds between polar amino acids and water molecules, as well as a rare structure, clamp', formed by the C-terminus of each monomer. 68, 69 Amino acid alignment of the interfaces in different Anthozoa FPs demonstrated low homology among the proteins. 8, 50 2. The structure and formation of the chromophore
The main peculiarity of GFP-like fluorescent proteins is that the formation of the chromophore responsible for protein fluorescence properties occurs without any cofactors or enzymes, but requires molecular oxygen. In particular, in the study of the protein DsRed chromophore it was hypothesized that the chromophores of RFPs are chemically different from those of GFP. 7 Indeed, a significant red shift of spectrum can hardly be explained only by the difference in chromophore microenvironment. However, the formation of a red chromophore passes via green GFP-like chromophore. Moreover, the chemical synthesis of compounds similar in structure to the DsRed chromophore revealed that introduction of an additional double bond to the GFP-like chromophore brings about a remarkable red-shift of the absorption and emission spectra. 70 Red chromophores are divided into two types: DsRedlike chromophores 71 and Kaede-like chromophores, 72 these are named after the proteins where they were first found (Fig. 2) . The fluorescent proteins with DsRed-or Kaedelike chromophores can easily be distinguished by the shape of the excitation and emission spectra. Thus the Kaede-like chromophore (I in Fig. 2 ) has narrow peaks with a smaller Stokes shift and a characteristic shoulder at 630 nm in the fluorescence spectrum. In addition, there is a distinct difference in the spectra of different groups of RFPs under denaturing conditions. The DsRed-like chromophores undergo hydrolysis with 1 M NaOH resulting in a green chromophore with an absorption maximum at 445 nm. 71 In turn, the fluorescent proteins with the Kaede-like chromophores in 1 M NaOH absorb at 499 nm. 73 Purple-blue chromoproteins characterized by high molar extinction coefficients, have another chromophore (III in Fig. 2) , which is an isomer of DsRed-like red chromophore. 74 Examples of protein fluorescence spectra are shown in Fig. 3 .
Three derivatives of the DsRed-like chromophore are known, and each type is represented by at least one fluorescent protein.
The`kindling' fluorescent protein KFP initially reported as a chromoprotein isolated from the actinia Anemonia sulcata 9 has a fragmented DsRed-like chromophore 75 that is formed upon autocatalytic hydrolysis of acylimine. 76 The first amino acid residue of tripeptide chromophore (lysine) in the yellow fluorescent protein zFP538 cloned from Zoanthus sp. 7 undergoes intramolecular cyclization with formation of tetrahydropyridine ring to afford a chromophore comprising three rings (II in Fig. 2) . 77 The third type of DsRed-like chromophore (IV in Fig. 2 ) was found in the mOrange protein, 78 as well as in the wild-type KO and its monomeric variants. 79 In this group of proteins, the side chain of the amino acid residue (threonine in the case of mOrange or cysteine in the case of KO) that is a chromophore constituent, reacts with the amide group resulting in a dihydrooxazole ring.
So far, there is no definite answer to the question as to whether alterations in the amino acid sequence can lead to such a variety of chromophore structures.
The red chromophore is generated as a result of four consecutive autocatalytic reactions with three amino acid residues that constitute the internal a-helix. The nucleophilic attack by the nitrogen atom of the peptide bond on the carbon atom of the carbonyl group occurs in the first step. Cyclization is followed by dehydrogenation of the intermediate product (removal of the hydrogen atoms occurs from the C a 7C b bond of the Tyr66 residue) under the action of molecular oxygen resulting in a green chromophore [4-(p-hydroxybenzylidene)-2-imidazolin-5-one]. Subsequent autocatalytic oxidation by molecular oxygen leads to the extension of a conjugated p-system due to the formation of the acylimine bond. Though the same amino acid sequence is also found in other proteins, but no chromophore is formed in them, which suggests the key role of the protein spatial structure in the formation of the green chromophore.
Amino acid alignment of more than a hundred of known fluorescent proteins allows inferring that four amino acid residues among the proteins are absolutely conserved. These are Tyr66 and Gly67 of the chromogene tripeptide as well as Arg96 and Glu222 (hereinafter, the amino acid numbering according to sequence of the wild-type GFP is employed), which are in immediate chromophore environment. The Arg96 residue is located in close vicinity to the oxygen atom of imidazolinone and the Glu222 residue is closer to the chromophore in DsRed than in GFP. Obviously, the nitrogen atom of the Gly67 side chain is a nucleophile in the first step of chromophore cyclization, while Arg96 and Glu222 residues perform catalytic function. According to the structure of the R96A mutant with the pre-cyclized chromophore it was shown that during protein folding the chromogenic amino acid residues are situated in the most convenient position to form a ring.
Recently, the role of the R96 and E222 residues has been studied, 80 of any amino acid (except for lysine) for this arginine residue results in retardation of protein maturation to several months. Interstingly, the lost function of maturation in the R96A mutant can be recovered by the Q183R substitution. 80 It is assumed that R96 stabilizes the glycine enolate form in the chromophore thereby facilitating nucleophilic attack on the carbon atom of the carbonyl group. This hypothesis is proved by crystallographic data of GFP and blue FP (BFP). 82 The reduced GFP and BFP proteins obtained in the absence of molecular oxygen contain the enol form of imidazolinone. The role of the Glu222 residue is less clear but the experimental data suggest the side-chain anion serves as a base catalyst that deprotonating the amide group of Gly67. 81 Practically nothing is known about initiation and control over the acylimine bond formation. The reaction usually proceeds slowly and its result is often unpredictable, so it does not always result in the formation of the expected products. It was also demonstrated that the acylimine bond formation is a limiting step in red chromophores maturation. 47 The evolutional tree shows 19 that the emergence of RFPs took place fairly recently through several independent pathways. Recently, a surprisingly successful experiment has been carried out resulting in the synthesis of a few genes of RFP precursors. 82 Notably, the gene expression results in fluorescent proteins with green and red emission; their maxima coincide with those for GFPs and RFPs. 83 There are two essential facts that limit signicantly the number of plausible mechanisms of acylimine bond formation. First, the appearance of intermediates containing protonated GFP-like chromophore with blue fluorescence in the RFP maturation suggests that the anionic form of the green chromophore cannot be involved in the acylimine bond formation. 48, 84 Second, the presence of an additional positively charged side chain turns out to be necessary but not sufficient for red fluorescence, since lysine or arginine are virtually always present in the chromogenic pentapeptide X7Y7GX7K/R in position 5. For example, in the DsRed protein the K70 residue can be replaced only by Arg, 21 otherwise protein maturation ceases at the step of the green chromophore formation.
According to X-ray diffraction data obtained for DsRed, 68 it can be suggested that the E222 and S70 residues play a key role in the acylimine bond formation. Relative arrangement of E222 and Q66 is critical for the red chromophore formation. Thus the E222 residue is involved in both the green chromophore formation and its further conversion into the red chromophore.
In the DsRed molecule, the E222, Q65 and S68 residues interact with the N42 residue, which is responsible for their correct position. Probably, this is the reason for a significant increase in green fluorescence upon substitution of the N42 residue in DsRed. 85 In the case of z2FP574 (RFP from Zoanthus sp. 2), decarboxylation of D66 is required for the acylimine bond formation; D66 is the first amino acid residue in the chromogenic tripeptide DYG. 86, 87 Further oxidation results in the DsRed-like chromophore formation. The kinetics of maturation of z2FP574 and its mutants shows that, in contrast to other RFPs, the red chromophore formation in the z2FP574 protein proceeds via the anionic form of the green chromophore. 86 Usually, the chromophore has a planar structure, though deviation from planarity is possible. As a rule, the chromophore consists of the benzene ring of Y66 and a cis or trans configured cross-conjugated five-membered heterocycle (imidazolinone). In the case of the Kaede proteins, the chromophore contains an additional conjugated system including the imidazole ring. The chromophore can have cis or trans configuration of the double bond C a = C b between the aromatic systems (Fig. 4) .
The amino acid residue in position 148 is very important for the stabilization of the cis configuration. The amino acid residues able to form hydrogen bonds stabilize the anionic cis chromophore. The data from mutagenesis show that position 148 is crucial for the interconversion between the fluorescent proteins and chromoproteins. 9, 45 The amino acid residue in position 165 plays a key role in the stabilization of the trans configuration. Small hydrophilic amino acids in position 165 stabilize the trans chromophore by hydrogen bonding with the OH group of the chromophore tyrosine residue, whereas hydrophobic amino acids destabilize the trans chromophore.
For instance, the DsRed chromophore is planar and contains phenolic tyrosine fragment in the cis configuration. The results of X-ray diffraction analysis and high-resolution mass spectrometry demonstrate that the majority of RFPs contain the DsRed-like chromophore with the cis configuration. 74, 88 ± 90 However, all the known chromoproteins (in contrast to DsRed) contain non-planar DsRed-like chromophore in the trans configuration. The protein eqFP611 also contains a DsRed-like chromophore in the trans configuration, 50 but unlike CPs it has a planar structure; however, the chromophore in the mutant RFP630 containing only one amino acid substitution N143S has the cis configuration. 46 The chromophore microenvironment in eqFP611 is favourable for both planar cis and trans configuration; thus, this protein is the first example of a GFP-like protein that is fluorescent with both cis and trans configuration of the chromophore.
Non-co-planarity of both cis and trans chromophore concerns the b-carbon atom (tilt, t) and the C b 7C g bond (twist, j) (Fig. 5) . The X-ray diffraction data allowed establishment of an unambiguous correlation between the protein fluorescence quantum yield and its chromophore planarity: 78 the larger the tilt-and twist-angles the smaller the quantum yield.
Spectral characteristics of fluorescent proteins depend not only on the chromophore configuration but also on its charge. The red chromophore can exist in the neutral or in the anionic form. The anionic DsRed-like chromophore absorbs light at 570 ± 590 nm and it fluoresces at 590 ± 640 nm, whereas the neutral form absorbs light at 440 ± 460 nm and fluoresces at 470 ± 490 nm. Obviously, RFPs contain the chromophore in the anionic form. Apparently, the RFP mKeima with a large Stokes shift is an exception from the rule. 33 The excitation maximum for mKeima is at 440 nm, which corresponds to the neutral form of the red chromophore, but the emission maximum for mKeima is at 620 nm. This observations can be explained by excited-state proton transfer (ESPT), which is detailed for GFPs. 91 For example, upon blue-light excitation the neutral chromophore of the protein Sapphire transfers to the excited state. The excited chromophore releases proton passing to the anionic form, which emits green light 92 and afterwards returns to the neutral form. The equilibrium between the neutral and anionic forms of the chromophore is effected through a hydrogen bond network, and the side chain of glutamic acid or aspartic acid usually acts as a proton acceptor. The suggested ESPT pathway explains the large Stokes shift of mKeima, and the results of spectral and structural investigations confirm this fact. 93 
VI. Photophysics and photochemistry of red fluorescent proteins
The photophysics and photochemistry of photoactivatable and photoswitchable fluorescent proteins refer to the most various and interesting issues.
The suggested photoactivation mechanism of the PAmRFP1 and PAmCherry proteins includes two consecutive steps. First, decarboxylation of the amino acid residue E222 occurs and initiates rearrangement of hydrogen bonds inside the b-barrel, and then irreversible photoconversion of the red chromophore from the neutral to the anionic form occurs under UV light. 94 Deprotonation of the residue Y66 can also be accompanied by the transition of the chromophore from the non-fluorescent trans configuration to the fluorescent cis configuration, which is stabilized by the amino acid residues in positions 148 and 167. 55 The exact mechanism of the PAmRFP1 photoactivation is still unknown, but from a number of characteristics of the activated and non-activated states of PAmRFP1 one can judge on possible alterations in the protein structure upon photoactivation. Thus the absorption spectra of the denatured mRFP1 and non-activated PAmRFP1 in 1 M acid are similar and characterized by a wide band with a maximum at 382 nm. However, the spectrum of PAmRFP1 denatured under alkaline conditions differs from the mRFP1 spectrum; in addition to the peak at 450 nm, it contains a band at 330 nm, which probably corresponds to the photoactivatable protein molecules.
Other PAFPs undergo irreversible green-to-red photoconversion upon illumination with UV or blue light. The chromophore of this group of proteins is formed from the tripeptide H657Y667G67. The single bond between the nitrogen and C a -carbon atoms of the H65 residue of the neutral chromophore is cleaved under UV light to form a double bond between C a and C b atoms of the H65 residue. Extension of the conjugated p-system leads to red shift of the fluorescence spectrum. 95 The H65 residue plays a crucial role in the b-elimination reaction by the E2 mechanism. It was demonstrated that replacement of H65 by any other amino acid residue blocks photoactivation of the fluorescent protein. 58, 61 The high-resolution crystal structures of green and red forms allowed specification of the mechanisms of photoconversion for Kaede, 96 EosFP 67 and IrisFP. 60 The mechanisms of photoactivation of all proteins of this group turned out to be similar. The E222 residue plays a role of a catalyst in photoactivation: its anion acts as a proton acceptor in the b-elimination reaction. The Q38 Residue is aslo critical for Kaede photoconversion; the side chain of Q38 forms a hydrogen bond with H65 through a water molecule. It was found that reversible photoswitching of green and red forms of IrisFP occurs through cis ± transisomerization of the chromophore. Notably, the immediate environment of the chromophore is virtually unchanged upon photoactivation.
The chromophores of dendGFP and Dendra are built from three amino acids H627Y637G64. The histidine in position 62 is typical of all Kaede-like photoactivatable proteins. However, none of the Kaede-like PARFPs photoconvert under blue light. The reasons for Dendra sensitivity to blue light are still unknown. Amino acid aligment of the chromophore microenvironment for dendGFP/Dendra and the Kaede, EosFP and KikGR proteins showed 63 that position 116 in Dendra is occupied by glutamine, whereas in Kaede-like proteins it is asparagine. 63 The analysis of the EosFP crystal structure showed that the longer side chain of the Gln residue in position 116 can interact with the polypeptide chain near the chromophore-forming residue H62. 67 Probably, this interaction favours cleavage of the polypeptide chain and the formation of the red chromophore in response to blue-light irradiation. Elucidation of the mechanism of Dendra photoconversion requires further studies of this protein.
A model of reversible transition from the non-fluorescent to the fluorescent state related to cis ± trans-isomerization of the chromophore was suggested for the photoswitchable proteins asFP595 and KFP1. In a series of the Anthozoa fluorescent proteins, the Ser148 residue is highly conserved and the A148S mutation in asFP595 leads to a significant increase in quantum yield. 68, 69 It was thus suggested that configurations of the asFP595 chromophore in the fluorescent state and of Anthozoa FPs chromophores and GFP chromophore from Aequorea are similar. Therefore, if photoconversion is induced by cis ± trans-isomerization of the chromophore, the Y66 residue of the asFP595 chromoprotein must interact with the S165 residue.
In the DsRed1 protein, the I165 residue creates steric hindrance to this configuration. It is suggested that S165 stabilizes the asFP595 chromophore in the non-fluorescent state, since serine is not found in this position of other FPs. At the same time, there is a probability of transition of the a b t j Figure 5 . Chromophore planarity distortion: tilt (a) and twist (b) angles of the red chromophore. 86 In both cases, two different positions of the same ring are shown.
excited chromophore into the fluorescent state. This model explains well the spectral characteristics of KFP1 and asFP595 and reversible switching from the non-fluorescent to the fluorescent state. This model was confirmed by crystal structures of asFP595 mutants in both fluorescent and non-fluorescent states. 97 The mutant protein asFP595-A148S exhibiting extended life-time of the fluorescent state was chosen to elucidate the protein structure in the activated state. Following irradiation with high-intensity light, the crystals were flash frozen, and then the electron density maps with different resolution were obtained. The experimental data showed that immediately after the intense irradiation the chromophore had cis configuration. If the irradiation was short, two chromophore configurations were observed. It should be noted that the cis chromophore is stabilized by a hydrogen bond between the tyrosine OH group of the chromophore and the S148 side chain. This explains the increased life-time of the activated state of asFP595-A148S as compared with KFP1 (A148G) where no stabilizing hydrogen bonds are formed. Structural analysis of KFP1 in the activated state were performed additionally. The electron density maps for the KFP1crystal obtained upon irradiation by the high-intensity light with the wavelength 540 nm unexpectedly revealed the chromophore in the trans-configuration involved in stacking interaction with H203. Thus, the observed structures are similar to structures obtained for the non-activated state of the KFP1 protein 98 except for the chromophore planarity. The angles t and j for the non-fluorescent state are 8.88 and 218, and for the activated state they are 1.28 and 138, respectively. The further structural analysis of the KFP1 protein in the activated and non-activated states at temperatures from 7173 to 25 8C showed that activation is the result of the H197 residue movement up to the position favourable for its stacking interaction with the chromophore and an increase in the chromophore planarity. 99 It is of note that in the case of the asFP595-A148S mutant the S148 residue blocks H203 in`stacking' with the chromophore in such a way that the conformation of H203 is not changed upon photoswitching. This can imply that the mechanisms of photoswitching for the A148G and A148S mutants are different. The structure of the permanently fluorescent mutant asFP595-S158V with resolution of 1.7 # A has been solved. 97 The structure of the asFP595-A148S/S165V mutant was obtained independently. 99 It was found that in both proteins the chromophore has cis configuration and is planar. In the case of asFP595-A148S/S165V, a hydrogen bond between the tyrosine OH group of the chromophore and S148 was observed as in asFP595-A148S. 97 However, a more detailed comparison of these structures demonstrated a big difference (up to 3 # A) in the chromophore location inside the b-barrel. It can be explained by the interaction of the V165 residue with the chromophore. But it does not explain the mechanism of irreversible photoactivation of KFP1, which is the matter of further study.
Photoinducible cis ± trans-isomerization of chromophore is also typical of other RFPs. 100, 101 Fluorescence activation, fast photobleaching or alternation of spectral characteristics under illumination can be connected with cis-trans-isomerization. 16, 101 Thus, stabilization of the chromophore in one configuration may significantly improve protein photostability or prevent undesirable photoactivation.
The ability of many RFPs such as mPlum, HcRed1, mKO, mKO2, mKate, Katushka, mOramge, mOrange2 to undergo light-induced photoconversions has recently been revealed. 102 Upon irradiation of the mOrange and mOrange2 proteins by 488 nm light, their emission maxima shifted towards the far-red region (up to 640 nm). In contrast to photoswitchable proteins, the effectiveness of RFP photoconversion does not virtually depend on pH. The mechanism of RFP photoconversion is still unknown.
VII. The main application areas of red fluorescent proteins
Fluorescent proteins are invaluable tools widely applied to study of different biological systems. The application of GFP-like proteins in biochemistry, biotechnology and cytology allowed not only imaging cell dynamics in a novel way, but also accelerated development of new techniques in microscopy. For more than a decade, the green fluorescent protein has been used as a marker for different fusion proteins for studying their intracellular localization and movements. Moreover, the green fluorescent protein has been utilized for labelling of living cells and whole organisms. 104 Wide-field or confocal microscope can be used for the fluorescence visualization, and high-intesity lamps and lasers can be used as sources of excitation light. 105, 106 Recently, a new method of microscopy has been developed that allows collecting images with resolution up to *10 nm, though only photoactivatable and photoswitchable fluorescent proteins are used. 107 The creation of RFPs broaden the palette of fluorescent proteins making possible multicolour microscopy. The GFP-like mutant, recombinant RFPs developed recently differ from the wild-type precursors in stability, quantum yield, the character of the absorption spectra, fluorescence excitation and emission.
An advantageous feature of the GFP-like proteins that can form chromophore without any co-factors other than molecular oxygen is their high stabilities. In addition, both N-and C-termini of fluorescent proteins are accessible for fusion, which allows coupling of a fluorescent protein with the target protein. It is of note that FPs rarely affect functional characteristics of the target protein. The GFPlike proteins are mostly non-toxic for cells. The main advantage of RFPs as compared to green proteins is that the level of autofluorescence is much lower in the red spectral range and lesser scattering of the longer wavelength light. The three main subjects of FP application are cell, organelle and protein labelling. 95, 108
Red fluorescent proteins as reporter markers
The fluorescent protein gene (or reporter gene) located under control of a certain gene promoter allows studying temporal and spatial expression of the gene by measuring the fluorescence signal in living cells and tissues. The oligomeric state of an expressed fluorescent protein does not matter for its application as a marker of gene expres-sion. Slow chromophore posttranslational maturation and stability of the expressed FP are the main factors that limit the use of FPs in studies of fast activation of transcription. From this point of view, the rapidly maturating DsRedExpress2 protein and its improved versions E2-Orange and E2-Red/Green and a far-red protein Katushka2 are preferred for the use as reporter markers. It was shown that cytotoxicity of DsRed-Express2 and its improved version with respect to mammalian cells are comparable to that of EGFP (GFP with improved fluorescence), and their photostabilities are much higher than thaose of many improved RFPs. 23, 28 Far-red fluorescence with a maximum at 633 nm is the main advantage of the Katushka2 protein as a reporter of gene expression providing whole-body imaging of its expression. 35 Fluorescent proteins are most often used as markers for protein labelling. Such fusion proteins enable the analysis of localization and dynamics of proteins, organelles and even cells in living organisms, studies of protein ± protein interactions and determination of their biological function. Protein localization demands that a fluorescent protein, to be used as a marker, was present in the monomeric state and possessed high brightness. The tendency of the fluorescent protein to oligomerization affects strongly the possibility of localization of a protein under study, especially if it is an oligomer itself. The efficiency of fluorescent protein maturation is also of great importance since complete folding of fusion proteins often prevents inclusion bodies formation. Thus, TagRFP, mCherry, mKate, mKO, etc. are the proteins of choice for fusion. The oligomeric state of fluorescent proteins is not so important for labelling organelles and cells. However, the utility of RFPs for two-photon microscopy is limited by low efficiency of their excitation with a standard Ti-sapphire laser. In this case, the Keima protein and its mutants with excitation maxima at 440 nm can be used for multicolour two-photon microscopy. 51 In turn, the development of new monomeric photoswitchable proteins enabled the use of super-resolution microscopy (*10 nm). 94 Photostable fluorescent proteins are highly important for long-term visualization of labelled proteins. Photostability and the absence of such photoinduced effects as photoactivation and photoswitching are substantial for quantitative analysis. For this purpose, the proteins mOrange2, TagRFP-T, mKate2 can successfully be employed. The use of PAFPs for constant imaging of fluorescently tagged subject simplifies the experiment. 109, 110 Photoswitchable proteins allow elimination of problems related to photobleaching and phototoxicity of fluorescent proteins. Monomeric photoactivatable proteins enable a single protein molecule tracking in a cell. 111, 112 2. Methods based on fluorescence resonance energy transfer FRET is one of the most powerful methods for protein ± protein interaction studies both in ivo and in vitro. This method is based on non-radiative energy transfer between two fluorophores where the emission spectrum of one fluorophore (the energy donor) overlaps with the absorption spectrum of another (the energy acceptor). FRET efficiency depends on the mutual orientation of the donor and acceptor and on the distance between them.
The fluorescence of the donor and acceptor can be measured simultaneously and the efficiency of transfer can be judged from the ratio of fluorescence intensities at two wavelengths corresponding to emission of the donor and acceptor or from the increase in fluorescence intensity upon acceptor photobleaching. The efficiency of FRET can be calculated from the intensities of the donor and acceptor signals before and after photobleaching. Another method of determination of FRET efficiency is based on the measurement of life-time of donor fluorescence. This method requires fewer measurements and is faster than the method described above but it requires more sophisticated equipment.
The most efficient FRET-pairs for cell microscopy are the following: GFP/RFPs that provide minimum overlap of emission spectra of the donor and acceptor fluorescence and possess high photostability and brightness. 113 Pairs GFP/mRFP1 (Ref. 114 ) and GFP/mCherry (Ref. 115 ) demonstrated higher FRET efficiency than the widely used pair CFP/YFP (cyan/yellow FP). In the construction 116 of FRET-pairs for studying protein configurational alterations or interaction of several proteins, such protein pairs as mKO and MiCy, 17 mKOk and mUKG, 24 TagRFP and TagGFP, 117 mKate2 and mCitrine 118 were successfully used.
* * *
Protein engineering in combination with high-throughput methods of cell sorting significantly extended colour variety of fluorescent proteins and improved such physicochemical characteristics of the proteins as maturation, brightness, photostability, etc. The first attempts to improve wild-type RFPs resulted in monomerization since the oligomeric state limited their application greatly. Later on, optimization of physicochemical characteristics of monomeric FPs has been performed. Fluorescent proteins became indispensable markers for studies in biochemistry, biotechnology and cell biology. FPs enable visualization of dynamic processes in cells in a new way; moreover, they triggered development of new microscopy techniques. Development of photoactivatable and photoswitchable fluorescent proteins for superresolution microscopy of cell structures and significantly simplified real-time visualization in living cells became an important step in the development of fluorescent protein technology.
